We report the results of the presently lowest frequency spectral line survey of the asymptotic giant branch carbon star IRC +10
INTRODUCTION IRC +10
216 (CW Leo) is a prime example of an evolved late-type star. It is currently in the asymptotic giant branch (AGB) phase and possesses an envelope rich in carbonbased molecular material. Spectral line surveys allow an unbiased investigation of the molecular abundances in the circumstellar envelope of this star. At present, six systematic spectral line surveys at radio wavelengths (i.e., e1 mm) have been reported toward this object: Kawaguchi et al. (1995: 28-50 GHz) ; Johansson et al. (1984 Johansson et al. ( , 1985 .1 GHz); Cernicharo, Guélin, & Kahane (2000: 129.0-172.5 GHz); Groesbeck, Phillips, & Blake (1994: 330.2-358 .12 GHz); and Avery et al. (1992: 339.6-364.6 GHz and several selected wavelength regions in the 222.4-267.9 GHz range). From these surveys more than 50 molecular species have been identified toward this source (Cernicharo et al. 2000) , and more than a dozen have exclusively been detected in the envelope of this star. In particular, five different species of cyanopolyynes (HC 2nþ1 N) have been detected. Neutral radical reactions are the dominant chemical path for the synthesis of carbon chain molecules in the cold envelope of this star (Glassgold 1996) .
The angular extension of the IRC +10 216 molecular envelope is relatively large, e.g., $10 00 for SiS (Glassgold 1996 and references therein) and up to $200 00 for CO (Huggins, Olofsson, & Johansson 1988) . This has allowed mapping of the distribution of molecules within the envelope. For the cyanopolyynes Bieging & Tafalla (1993) reported a HC 3 N ringlike brightness distribution toward IRC +10 216, which is interpreted as a spherical shell (see also the work of Wootten, Nguyen-Q-Rieu, & Truong-Bach 1994) . The characterization of the molecular angular distribution permits accurate determination of column densities and temperatures. Bell, Feldman, & Avery (1992) and others have reported that the HC 5 N molecule in the circumstellar envelope of IRC +10 216 traces two molecular regions: a warm one (T ex $ 25 K) traced by high-J transitions, i.e., those with upper-state energies E=k greater than $20 K, and a cold region with T ex $ 13 K traced by low-J transitions for which E=k < 10 K. These results have been obtained using the standard population diagram technique, which assumes optically thin and LTE conditions (see, e.g., Goldsmith & Langer 1999) .
Here we present a C-band spectral line survey (4-6 GHz) toward IRC +10 216 using the Arecibo Telescope. 2 This is the lowest frequency spectral line survey carried out toward this object. The four correlator boards of the spectrometer available at the Arecibo Telescope were set in frequency steps of 21 MHz with a bandwidth of 25 MHz each, thus creating an overlap of 4 MHz at each individual band edge. This correlator setup resulted in a usable bandpass of $85 MHz per scan. A total of 25 scans were needed to cover the 2 GHz wide Arecibo C band. Each correlator board was divided into 2 Â 1024 channels, observing simultaneously both linear polarizations. We used nine-level sampling, a 10 s basic integration time, and a channel width of 24.4 kHz, which corresponds to velocity resolutions of 1.63, 1.46, and 1.33 km s À1 at 4.5, 5.0, and 5.5 GHz respectively. The procedure used for these observations was standard ON-OFF + noise-diode, with 5 minutes spent at each of the ON and OFF positions, followed by 10 s integrations at the OFF position with and without the noise-diode calibration signal. We observed the entire Arecibo C band (4-6 GHz) seven times. The total integration time on source was $14 hr.
We frequently observed two standard Arecibo calibrators, B1040+123 and B1117+146, to obtain the telescope gain, check the pointing accuracy, and measure the telescope beamwidth. The pointing accuracy was $10 00 throughout the run, and the telescope beamwidth was $57 00 at 4.8 GHz. These calibrators are located at declinations similar to that of IRC +10 216, which allowed us to determine the telescope gain almost through the same path on the sky covered by the star. In Figure 1 we plot the telescope gain versus zenith angle and versus frequency. We found a correlation between the telescope gain and these two variables ( Fig. 1) , which is well fitted by
Equation (1) was applied to each 10 s integration record to convert the data from units of antenna temperature to janskys. The remaining scatter in the telescope gain of Figure 1b is caused by a variety of effects, among them irregularities in the primary surface of the telescope, optical alignment of the Gregorian, and uncertainties in the flux densities of the calibrators. From this residual scatter we estimate that our flux density calibration is better than 30% for a pointlike brightness distribution. The data reduction was done using the CLASS program. 3 We averaged all calibrated 10 s records and both linear polarizations. No 6 cm continuum emission was detected toward IRC +10
216. We subtracted a linear baseline from each averaged 25 MHz segment of the spectrum. Finally, the spectrum was smoothed to a channel width of 98 kHz (corresponding to 6.5, 5.8, and 5.3 km s À1 at 4.5, 5.0, and 5.5 GHz, respectively).
RESULTS
The spectrum of IRC +10 216 obtained with the Arecibo C-band system is presented in Figure 2 . The statistical noise level of the spectrum is $0.3 mJy (1 ) at ¼ 5 GHz with a slight variation throughout the C band. All spectral features above 2 mJy in Figure 2 are caused by radio frequency interference and/or variable bandpass structures, and no spectral line identification within these polluted regions has been attempted. In Table 1 we list the frequency windows affected by spurious features. (squares) and B1117+146 (triangles). The filled symbols mark the data at 5 GHz in both panels. In Fig. 1b the error bars show the range covered by the data not corrected for elevation effects, whereas the symbols mark the telescope gain of the data corrected for the elevation effects shown from Fig. 1a . The linear fits showed in the panels were used to determine the calibration scheme presented in eq. (1). The J ¼ 2 1 transition of HC 5 Nð 0 ¼ 5325:3276 MHz; E J¼2 =k ¼ 0:38 K) 4 was detected in our spectral line survey. The position of this line in our spectral band is marked in Figure 2 , and its spectrum is shown in Figure 3 . The HC 5 N J ¼ 2 1 transition is composed of six hyperfine lines (see, e.g., Gardner & Winnewisser 1978) , of which we detected the two strongest components (F ¼ 3 2 and F ¼ 2 1). These two hyperfine lines are separated by 0.091 MHz, which is smaller than the channel width of our final spectrum. Hence, the line profile is not affected by hyperfine splitting. We did not detect the other hyperfine components within the 3 limit. The flat-topped line profile observed for higher HC 5 N J transitions (e.g., Bell et al. 1992 ) is not evident in the J ¼ 2 1 transition. The low signal-to-noise ratio of the detection, in addition to the low spectral resolution, prevents any further discussion based on the line profile.
We detected no other spectral feature with more than two channels width above the 3 line detection limit. However, we found one spectral feature with one channel above the 3 limit. This could be a real line detection, as its FWHM agrees with the width expected from the molecular envelope of IRC +10 216. No known molecular transition could be associated with this line. In Figure 2 we mark the position of this unidentified spectral feature (U1). 5 The parameters of the HC 5 N J ¼ 2 1 and U1 lines are listed in Table 2 .
We also report upper limits for nine rotational transitions within the 4-6 GHz band for several molecules known to be present in the envelope of IRC +10 216. The molecules, transitions, and limits are presented in Table 3 . In the last column of Table 3 we list upper limits of the column density for each upper state. The derived limits agree with the total column densities and rotation temperatures reported in the literature (see, e.g., Cernicharo et al. 1987; Kawaguchi et al. 1995) .
ANALYSIS
At present, the HC 5 N J ¼ 2 1 line is the lowest energy transition of this molecule detected in the envelope of IRC +10 216 and thus can be used to check the temperature and column densities derived from higher frequency HC 5 N observations. To include our detection in the HC 5 N population diagram presented in the literature, the J ¼ 2 level column density (N J¼2 ) is required. The complete procedure to obtain the value of N J¼2 is as follows:
1. T A ! S : We convert our antenna temperature measurement to flux density by applying the telescope gain function (eq. [1]), i.e., the gain for a pointlike brightness distribution. The brightness temperature distribution of HC 5 N has a ringlike structure that extends radially out to 25 00 from the position of the star (Bell et al. 1992) . The brightness distribution of the HC 5 N emission is thus slightly smaller than the C-band Arecibo beam, and therefore, the telescope gain function derived from a pointlike source may be used as a first approximation. However, the effect of this procedure is to underestimate the total line flux density from the region because most of the emission is not at the center of the beam. To account for this effect we introduce a gain correction factor that is the inverse of the normalized beam pattern function (i.e., inverse of eq. [A2]) evaluated at the radius of the maximum brightness temperature distribution of HC 5 N (see eq.
[A1]). This correction factor has a numerical value of 1.2 for the HC 5 N brightness temperature distribution and Arecibo beam profile as parameterized in Appendix A. The corrected peak flux density is 1:46 AE 0:30 mJy. 2. S ! T MB : We converted our corrected flux density measurement to main-beam brightness temperature by applying the Rayleigh-Jeans relation assuming that the Arecibo beam is a Gaussian with half-power beamwidth (HPBW) of 51 00 . The HPBW used here was derived from our observations of B1117+147 and B1040+123 at 5400 MHz. We obtained a main-beam brightness temperature of T MB ¼ 24:3 mK.
3. T MB ! T s : The source brightness temperature, i.e., corrected for beam coupling, was obtained by the deconvolution of the brightness temperature distribution of the HC 5 N molecule from the Arecibo beam. In Appendix A we present the details of the deconvolution procedure. The value of the source brightness temperature (T s ) is 88.2 mK. 4. T s ! N J¼2 : Given the source brightness temperature, the column density of the upper rotational state of a linear molecule can be calculated using the following expression (e.g., Goldsmith & Langer 1999; Bell et al. 1992) :
where l HC 5 N ¼ 4:33 Â 10 À18 esu cm and 2J u þ 1 is the degeneracy of the rotational state (g u ). The column density of the HC 5 N J ¼ 2 state is then ð7:5 AE 1:1Þ Â 10 12 cm À2 . Equation (2) assumes optically thin conditions, which is widely used for higher J transitions of HC 5 N in the envelope of IRC +10 216 (e.g., Bell et al. 1992) . From our upperstate column density and temperature determination (see below) we obtained an optical depth value 6 of $5 Â 10 À3 , which is consistent with the optically thin assumption made in equation (2) and agrees with the value obtained for other cyanopolyynes; e.g., Truong-Bach, Graham, & Nguyen-Q-Rieu (1993) reported optical depths of the order of 10 À3 for rotational transitions of HC 9 N in the envelope IRC +10
216.
The position of our detection in the HC 5 N population diagram is shown by an empty square in Figure 4 . In this figure we also include the upper-state column densities for high-J transitions (100 K > E=k > 40 K) from Bell et al. (1992, stars) , and low-J transitions from Jennings & Fox (1982, filled squares) . The rotation temperature obtained from the fit of the low-energy transitions in Figure 4 is 13.8 K; i.e., our detection is in agreement with the total column density and excitation temperature derived by Jennings & Fox (1982) . Our detection thus supports the presence of the two HC 5 N temperature components as reported by Bell et al. (1992) .
SUMMARY
We have carried out a 4-6 GHz spectral line survey toward IRC +10 216 with the Arecibo Telescope. To date, this is the lowest frequency spectral line survey toward this source reported in the literature. We identify the regions in the Arecibo C-band system affected by radio interference during our observations. We also report upper limits for nine rotational transitions of molecules known to be present in the envelope of IRC +10 216. The J ¼ 2 1 transition of HC 5 N was detected. This is the lowest frequency HC 5 N line detected toward IRC +10
216. Comparing the derived column density in the J ¼ 2 level with column densities measured for levels of higher energy (e.g., Bell et al. 1992) , we conclude that our observation supports the presence of two temperature components in the IRC +10 216 molecular envelope. The excitation temperature of the cold region is 13.8 K when our detection is included in the population diagram analysis. This value agrees with the temperature previously reported for the cold region (13 K; Jennings & Fox 1982) . Note.-To calculate the N J upper limits we assumed a FWHM of 25 km s À1 and a Gaussian brightness distribution of 25 00 for C 3 S (Cernicharo et al. 1987 ) and 33 00 for HC 7 N and HC 9 N (Kawaguchi et al. 1995) . We assumed a Gaussian brightness distribution of 50 00 (FWHM) for the HC 11 N transitions.
a Rest frequencies from the JPL spectroscopy line catalog; see Pickett et al. 1998 . Bell et al. (1992) for which 50 K < E=k < 100 K. The filled squares show the data reported by Jennings & Fox (1982) for low-J transitions. The empty square marks the upper-state column density of the J ¼ 2 1 HC 5 N transition reported in this work. A temperature of 13.8 K is obtained for the cold region when our experimental point is included in the population diagram analysis. This value agrees with the 13 K cold molecular component reported by Jennings & Fox (1982) .
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